The constraints placed on models of the interiors of the major planets by the non-spherical components of their gravitational fields are explained, and several methods of determining these non-spherical components are described and evaluated.
I. INTRODUCTION
Information about the gravitational fields of planetary.
bodies has been obtained either from the observed perturbations of artificial satellites such as those around the moon (Kaula, 1969) , the earth (Gaposchkin and Lambeck, 1970) , or Mars (Lorell, et al. , 1971) or by observations of natural satellites (Brouwer and Clemence, 1961) . The latter, either because of limited tracking accuracy or large distance from the planet, have provided information only on the lowest order deviations from spherical symmetry. The artificial satellites on the other hand have defined the gravitational fields much more precisely, primarily because it was possible to closely monitor the perturbations of a wide variety of close orbits. This experience must be extended to the major planets if we are to obtain the details of their external fields. The perturbations of accurately tracked spacecraft are almost the only means of improving our knowledge of these gravitational fields.
The motivation for determining the gravitational fields of the major planets rests in our desire to constrain theoretical models of the interiors. The nature of these constraints and their effect on models of the interior are discussed in Section II after some definitions of terms are given. After establishing the motivation for the study, we turn to the actual determination of the harmonic coefficients. Flyby spacecraft are discussed in Section III as a first sampling of the field using a least squares -2 -analysis of the trajectory. The problem of determining the even order zonal harmonics by secular perturbations of orbital .
elements is defined in Section IV, and the magnitudes of the perturbations of an early Jupiter orbiter are given and compared.with tracking accuracies. The necessity for close approaches to major natural satellites and for more than a single orbiter are also shown in this section. The requirement of accurate tracking of additional satellites for higher harmonics leads into a discussion in Section V of possible utilization of the Galilean satellites as probes of the gravity field of Jupiter. This will involve radar tracking from the earth. Section VI deals with the tesseral and odd order zonal harmonics and includes reasons why there is likely to be no attempt to measure these coefficients in the reasonably near future. The possibility of a gravity anomaly associated with Jupiter's red spot is discussed in Section VII, and a lower bound on a detectable effective mass concentration is estimated.
Section VIII is a summary and general discussion which ends with a brief paragraph on the alternate technique of a least squares analysis of orbital data. 
; J where G is the gravitational constant, M is the total mass, r is the separation of the field point from the center of mass of the body, a is the equatorial radius, 0 and <$> are colatitude " and longitude respectively, P., are the Legendre polynomials of order £ and P^ are the associated Legendre functions. The coefficients J,, and C . , S. are respectively the zonal and tesseral harmonic coefficients, which are determined by differences in moments of the mass distribution about the center of mass. In general
l lm\ = -\ f ' f P(r I ,e' f «j>')r |£+2 P (cose 1 ) fcosmrf)}. / Ma J J J y ' / Nsine'dO'd^'dr 1 '£mj ]sin m<j>J where the integration is over the entire volume of the planet. If the magnitudes of the harmonic coefficients are determined from the perturbations of natural or artificial satellites of the planet (e.g. Kaula, 1966) , Eqs. (2) provide integral constraints on the internal density distribution. For the major planets, these constraints on the density distribution lead to constraints on theoretical models of the interior structure and thus provide the chief motivation for accurate determination of the gravitational fields.
All current models of the interiors of the major planets use the assumption of hydrostatic equilibrium where surfaces of equal density are equipotential surfaces (DeMarcus, 1958; Peebles, 1964; Hubbard, 1969) . This is almost certainly a valid assumption for the major planets since their supercritical fluid outer layers can support no static shear stresses. The assumption of hydrostatic equilibrium eliminates all tesseral and odd order zonal harmonics from the expansion of the external field and allows the expression of the even order zonal harmonic -5 -coefficients as density integrals involving a single parameter or as expansions in the small parameters defining the outer equipotential surface (Peebles, 1964) . The harmonic coefficients are uniquely determined by the density distribution which in turn follows from the assumed equation of state, mixing ratio of hydrogen and helium and the temperature distribution.
The procedure then is to calculate a density run for a given set of assumptions, determine the corresponding harmonic coefficients and compare these coefficients with those observed.
The agreement between observed and calculated coefficients is a necessary but not a sufficient condition for the correctness of the model. This follows from the fact that the density distribution is not uniquely determined from a finite set of gravity coefficients and drastically different models may produce nearly the same density distribution. This is perhaps best illustrated by the coexistence of the nearly completely solid Jupiter model of DeMarcus (1958) and the completely fluid and uniformly mixed models of Peebles (1964) and Hubbard (1969) which all produce the observed gravitational moments within the rather large errors of observation. At the same time a convective model of Saturn is not consistent with the observed moments,.although some of this disagreement may be due to an unknown contribution to the measured coefficients by the rings (Hubbard, 1969) . As higher order coefficients depend on higher moments of the mass distribution, the outer layers of the planet -6 -.
receive increasing weight in determining a coefficient as the order increases. The sensitivity of the gravity coefficients to the i density in the outer layers will make their determination a useful check of the equation of state in the region where it is temperature sensitive and perhaps least understood.
Observations of the natural satellites have provided Jupiter's red spot should also not be overlooked.
We shall consider briefly the determination of these terms in the gravitational field expansion which are due to The first artificial satellites of the major planets will likely have highly eccentric orbits with reasonably large semimajor axes. This comes about from the necessity to minimize I the velocity change for orbit insertion and from the desire to explore a reasonably large fraction of the near planet environment. It is therefore appropriate that we discuss the effectiveness of such an orbiter in determining the harmonic coefficients of the gravitational field. The need for more than a single satellite will be pointed out where additional coefficients and greater accuracy is desired.
In addition to the magnitudes of the tesseral harmonics of the major planets being small, the rapid rotation of the planets means these terms will lead to high frequency perturbations for the nonresonant, relatively distant satellites considered here. Such perturbations will be negligibly small, and we shall consider here only the even order zonal harmonics. Including the effects of J fi in the secular perturbations of the artificial satellite places a third unknown into the two equations.
- 16 Use of one or more natural satellites (such as JV) to provide additional equations is frustrated by our inability to track 1 these satellites to the same precision as the artificial satellite. In addition, the perturbations due to at least the Galilean satellites and the plasma drag must also be known with errors less than the contribution of J, or less than that on the fractional mass detectable as a point mass concentration near the surface is^.
-10~8 M ~ 10 This limit assumes that the orbit would be precisely known in the absence of the anomaly, so in actual practice the minimum AM detectable will be considerably larger. -27 r-
